Whatever be the structure of multilayers of long-chain esters at the moment of deposition, they consist after a certain interval of microscopic crystals. This was established by Stenhagen (1938) for certain long-chain esters. His observations were made on multilayers deposited on metal bases and therefore may only refer to surface structure. The correspondence between the long spacings of the multilayers, irrespective of the type of deposition ( X , Y, Z), and those of some of the known crystalline form the esters indicates that these crystals may be similar to those of certain polymorphic forms of the substances. Owing to the fact that the sidespacings of neither the multilayers nor the corresponding esters have yet been measured we have no knowledge of the arrangement of the molecules in the multilayers. If we assume that the crystals in the multilayer are those of one of the forms of the crystalline ester then there are two pro blems to be solved. The first is to discover the arrangement of these crystals in the multilayer, and the second is to determine the actual molecular structure of the crystals themselves. The latter is a purely crystallographic problem which is conveniently dealt with separately. The former presents two questions: (1) whether the surface structure persists through the multilayer, i.e. whether a given portion is a single crystal from the base [ 534 ] 
Whatever be the structure of multilayers of long-chain esters at the moment of deposition, they consist after a certain interval of microscopic crystals. This was established by Stenhagen (1938) for certain long-chain esters. His observations were made on multilayers deposited on metal bases and therefore may only refer to surface structure. The correspondence between the long spacings of the multilayers, irrespective of the type of deposition ( X , Y, Z) , and those of some of the known crystalline form the esters indicates that these crystals may be similar to those of certain polymorphic forms of the substances. Owing to the fact that the sidespacings of neither the multilayers nor the corresponding esters have yet been measured we have no knowledge of the arrangement of the molecules in the multilayers. If we assume that the crystals in the multilayer are those of one of the forms of the crystalline ester then there are two pro blems to be solved. The first is to discover the arrangement of these crystals in the multilayer, and the second is to determine the actual molecular structure of the crystals themselves. The latter is a purely crystallographic problem which is conveniently dealt with separately. The former presents two questions: (1) whether the surface structure persists through the multilayer, i.e. whether a given portion is a single crystal from the base to the surface of the multilaj^r, and (2) how the single crystals are oriented in relation to one another.
By depositing the multilayers on transparent bases it has been possible to examine them microscopically in transmitted light. Examination between crossed Nicols showed that the individual crystals extinguished perfectly. This indicates that the molecules are arranged in some regular way from the base of the multilayer to the surface, i.e. that the grain boundaries seen on the surface are those of single crystals which have grown without interruption through the entire thickness of the multi layer. A recent paper suggests an answer to the second problem. Bernstein (1940) has taken an oscillation photograph of an ethyl stearate multilayer built up on a metal base. This shows a single side-spacing reflexion, from which the author deduces that in the case of this multilayer all the crystals have the same orientation. This deduction from the photograph is not justifiable, since it implies that the multilayer is a normal mosaic crystal. The only conclusion which can be drawn from the presence of this discrete reflexion is that the multilayer does not consist of crystals arranged entirely at random. The experiments to be described show that the side-spacing reflexion observed by Bernstein is in reality not a spot, as would be the case from a single crystal, but part of a circle. The rest of the circle and also parts of others appeared on increasing the angle of incidence of the X-rays on the multilayer until finally a transmission photograph was obtained. The taking of such photographs has been made possible by depositing the multilayer on a celluloid instead of a metal base. These photographs, which are reproduced, show that the small crystals composing the multilayer are oriented with one axis in common, and this interpretation has been fully confirmed. The following account deals with observations made on multilayers of ethyl and methyl stearates and octadecyl acetate. The X-ray examination of multilayers of the last compound led to the same conclusions as for ethyl stearate. The work on ethyl stearate is described in greater detail because by far the best photographs were obtained from ethyl stearate multilayers and also because a crystallo graphic examination of single crystals of this compound is in progress, and it is hoped that this will make possible a complete interpretation of the multilayer photographs.
Before proceeding to give the detailed results it should be pointed out that all the conclusions, like those of other X-ray workers in this field, refer to the structure of the multilayers some time after deposition, since the time required to take an X-ray photograph is of the order of several On the structure of multilayers 5 hours. We have observed that the freshly deposited multilayers show no mierocrystalline structure, this appearing after 1 hr. It is hoped to investigate the detailed changes which may take place in the multilayer immediately after deposition. There may, for example, be loss of water followed by recrystallization, for it must be remembered that we are working at temperatures very near the melting points of these compounds (e.g. ethyl stearate, m.p. 33*5°), and molecular rearrangement may take place easily at room temperature.
P reparation of the multilayers
The monolayers of the esters were deposited from distilled water on to thin transparent sheets of various materials, celluloid, cellulose acetate, perspex, polystyrene, formvar, vinyl acetates and other synthetic resins, by the method described by Blodgett (1935) and also by means of a mechanical dipper. Celluloid sheets were found to give the most satis factory results, for the X-ray diffraction of this base interfered least with the interpretation of the photographs. The small celluloid strips, about 1 cm. square, were held on both sides of a chromium-plated holder by means of pure vaseline. The multilayer was thus deposited on only one side of the celluloid strip which could be easily removed from the metal base after deposition of the monolayers and placed in supports for X-ray and microscopic examination. This enabled photographs to be taken for any angle of incidence of the X-ray or light beam. X-ray photographs of multilayers deposited mechanically and by hand appeared to be identical. Films of ethyl stearate and of octadecyl acetate were deposited under a piston pressure of 31 dynes/cm. (oleic acid) and those of methyl stearate under a piston pressure of 16 dynes/cm. (castor oil); all gave F-deposition. All traces of dust and small crystallites from possible excess material on the surface or from collapsed films were carefully avoided. The compounds used were those described by Alexander and Schulman (1 9 3 7 ).
Microscopic examination
Ethyl stearate. Examination of the film with high magnification between crossed Nicols showed the film to consist of very small single crystals, each with a definite extinction direction. Detailed examination of a small portion of the multilayer showed that these extinctions are grouped about two mean directions inclined at approximately 45° to one another. This is seen from a pair of photomicrographs taken between crossed Nicols d irect ion for two positions of the Nicols relative to the multilayer. The two positions of the optic axis of the analyser with respect to the dipping direction are shown in figure 1, and in plate 15 it is seen that the photographs c and are approximately complementary, i.e. the portions which are black in one are white in the other. If the extinction directions of all the crystals composing the multilayer lay along either or this would be equivalent to simple twinning. However, measurement of the extinction directions of the in dividual crystals shows that they are distributed over a wide range of angle on each side of the mean directions a and b. For this reason, presumably, the X-ray photographs do not show this twinning effect, but it is sufficiently striking in the photomicrographs to be worth recording.
Methyl stearate. Photomicrographs of a methyl stearate multilayer show an entirely different struc ture. Between crossed Nicols much of the field was F igure 1. The m ean extinguished at the same time and the intermediate extin ction directions portions were brought into the extinction position by (a, 6) o f the m icrocrya rotation of the Nicols relative to the multilayer of stals m a" ethy1 stea' only 18° (plate 15 a, b) . In contrast to the well-defined rate m tx ayer' single crystals in the ethyl stearate multilayer methyl stearate shows larger areas extinguishing uniformly, and on rotation of the Nicols the dark areas move across the field, suggesting a gradual change in orienta tion of the crystallites in neighbouring parts of the multilayer. These effects and the striations parallel to the dipping direction suggest that the crystallization of the multilayer has proceeded differently from that of ethyl stearate, and the X-ray photographs were inferior to those of ethyl stearate multilayers. For this reason the latter have been studied in greater detail. In plate 15 an enlargement of c is shown (d) to emphasize the difference in microcrystalline structure between the methyl and ethyl stearate multilayers.
Octadecyl acetate. Between crossed Nicols multilayers of this compound were seen to be composed of large irregular patches most of which ex tinguished perfectly for a particular setting of the Nicols as in the case of ethyl stearate. Other patches showed a dark brush which travelled across the patch as the Nicols were rotated with respect to the multilayer. One or two specimens showed very small needle-shaped crystals oriented at random, but these were probably due to partial melting and recrystalliza tion on the surface.
X-RAY EXAMINATION
Ethyl stearate. A series of X-ray photographs have been taken of ethyl stearate multilayers (approximately 1000 mol. thick) using a Metallix tube with copper anti-cathode running at 25 mA, the beam being monochromatized by reflexion from a crystal of pentaerythritol. The multi layer was first oscillated through 15° about an axis in its own plane, the X-rays being parallel to the surface at the beginning of the oscillation. The dipping direction was chosen as a suitable axis. Plate 15/ shows the photograph (0-15°) obtained with an exposure time of 6 hr., the flat plate being at a distance of 4 cm. from the axis of oscillation. Apart from the first seven main orders there is a layer line of six spots at £ = 0-34 and one other reflexion at £ = 0*09, £ = 0 4 1 . The spacing of the main orders (25*2 A), which is approximately that of single crystals of /?-ethyl stearate (Malkin 1931) , shows that we are dealing with the same type of multilayer as examined by previous workers. The multilayer was then tilted in its own plane and this photograph retaken. It was found that the same photograph is obtained by oscillating about any axis in the plane of the multilayer. A set of 15° oscillation photographs was then taken starting with the X-rays parallel to the surface (0-15°) and ending with the X-rays passing normally through the multilayer (75-90°). These photographs show that all the spots except the main order reflexions are portions of circles, consecutive arcs of which appear as the angle between the X-ray beam and the normal to the surface decreases. The interpretation of the photographs is most supply given in terms of the reciprocal lattice in which a set of parallel planes of spacing d is represented by a point at a distance A/d from the origin along the normal to the planes. The reciprocal lattice of the multilayer may be reconstructed from the photographs. Figure 2 (a) shows the projection of this lattice on a plane normal to that of the multilayer, and figure 2 (6) the projection on the plane of the multilayer. The reciprocal lattice cf a single crystal consists of points forming a threedimensional array; that of an aggregate of single crystals oriented at random consists of spheres around the origin. The X-ray photograph in the latter case is the powder photograph which, if taken on a flat plate, is a series of concentric circles. In this multilayer we have an intermediate case. Instead of the crystals being oriented entirely at random they all have one axis in common owing to the fact that the angle of tilt of the molecules to the surface is constant. The reciprocal lattice of the multi layer is therefore the result of rotating the lattice of the single crystal about a line. The main orders lie on this line (the normal to the surface of the multilayer) and therefore remain points, but all other points in the lattice become circles. Accordingly, if the multilayer is oscillated through a limited angle, arcs of circles appear on the photographs. Moreover, even with monochromatic radiation and with the specimen stationary spots are obtained on a photograph since the sphere of reflexion cuts a number of circles in the reciprocal lattice. As a check on this interpretation the portions of each circle which should reflect on a given photograph were deduced graphically from the reciprocal lattice. These corresponded precisely to the photographs of plate 15/. lshow inte tions. The intensities fall off suddenly after the first four orders, which in relative intensities have the following sequence: 002 > 003 > 001 > 004. The next four orders are weak, and 009 and 00.10 were not observed with an exposure time of 5-6 hr. The reflexion 00.11 is strong and 00.12 very weak. The appearance of the strong eleventh order is due to the fact that alternate carbon atoms of the chains are in phase for this reflexion. Assuming the C-C distance to be 1-54 A and the tetrahedral angle between the carbon bonds we have
• o c( = 25*2) S1 11 x 2(1-54 cos 35°)' whence the angle of tilt (0) of the chains to the surface may be calculated as 65°. The presence of 00.12 suggests that this angle may be rather less than 65°. In addition to the main order reflexions corresponding to c = 25-2 A,f two other reflexions have been observed in the same zone. We have not yet found a satisfactory explanation for the presence of these two spots. One, which is very weak, lies midway between 002 and 003 and therefore corresponds to a spacing of 10*08 A. It will be noticed that this point in the reciprocal lattice lies in the plane of the circle corresponding to the strongest side-spacing. Normally the presence of such a 'halving' would be taken to indicate that the strong reflexions are the even orders from planes of spacing 50*4 A instead of 25*2 A. The doubling of this dimension would also account for the fact that the projections of the circles cross the c* axis midway between the main orders, but a non-orthogonal reciprocal lattice (with suitable interaxial angles) rotated about c* would equally well explain the positions of these circles. Moreover, the doubling of the c spacing does not explain the presence of the second anomalous reflexion which lies between, though not midway between, the sixth and seventh orders and is appreciably stronger than either of these. Its spacing is 4*15 A. I t must be recorded that there is no trace of this reflexion on one photograph of a freshly prepared multilayer. The photographs so far described were taken with exposures of the order of 150 mA/hr. Subsequently the exposure time was increased and very beautiful photographs have been obtained after 750-1000 mA/hr. The presence of circles in the reciprocal lattice having been established, it is not necessary to oscillate the specimen, and one photograph summarizes all the available data concerning the side-spacings. A tracing of such a photograph is shown in figure 3. (A tracing is shown instead of the actual photograph since many of the reflexions are weak and would be lost on reproduction.) This photograph was taken in a cylindrical camera (radius 3 cm.) with the multilayer horizontal and the X-rays parallel to the surface. The innermost row-lines therefore correspond to the layer-lines on the first photograph of plate 15/.
The final proof of the structure of the ethyl stearate multilayer comes from a rotation photograph of a single crystal of the ester about the long axis of the cell. The photograph appears to be identical with the original of figure 3. The detailed interpretation of this photograph will be dealt with in Part II. It is clearly impracticable to attempt to reconstruct the reciprocal lattice of the single crystal from that of the multilayer since all that we know about the position of a point in the former is that it lies somewhere on the circumference of the circle in the latter reciprocal lattice. Since we are dealing with single crystals of /?-ethyl stearate it is far simpler to study single crystals of this compound and then to reconstruct the reciprocal lattice of the multilayer from that of /?-ethyl stearate.
On the structure of multilayers Octadecyl acetate. Stenhagen (1938) has shown that there are two forms of built-up multilayers of octadecyl acetate-a 'single-layer' form of 28-7 A spacing and a 'double-layer' form of 39-0 A spacing. In the latter form the long axes of the molecules are inclined at 44° to the surface of the multilayer. X-ray photographs of this form have now been taken about axes in the plane of the multilayer and about the normal to the surface. Orders of the long spacing up to the 22nd were observed, this reflexion being strong owing to the carbon atoms scattering almost in phase. The spacing of this plane, 1-77 A, confirms the value of 44° for the tilt of the molecules. In addition to the main orders other reflexions were observed, apparently lying on layer-lines. As in the case of ethyl stearate subsequent investigation showed that these reflexions are parts of continuous rings, so that the multilayer of octadecyl acetate clearly has a similar structure to that of ethyl stearate. A photograph of one multilayer showed also faint but quite definite layer-lines corresponding to a side-spacing of 4-2 A. On the first layer-line some ten reflexions could be seen, and on the second three weak reflexions. The separation of these spots along the layer-line indicates that the true c spacing of the single crystals is 78-0 A. The main orders are therefore the even orders. The appearance of these genuine layer-lines was apparently due to the presence of one single crystal in the multilayer much larger than those normally observed.
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